Due to the difficulty to grow high quality semiconductors on ferromagnetic metals, the study of spin diffusion transport in Si was only limited to lateral geometry devices. In this work, by using ultrahigh vacuum wafer-bonding technique, we have successfully fabricated metal-semiconductor-metal CoFeB/MgO/Si/Pt vertical structures. We hereby demonstrate pure spin-current injection and transport in the perpendicular current flow geometry over a distance larger than 2µm in n-type Si at room temperature. In those experiments, a pure propagating spin-current is generated via ferromagnetic resonance spin-pumping and converted into a measurable voltage by using the inverse spin-Hall effect occurring in the top Pt layer. A systematic study by varying both Si and MgO thicknesses reveals the important role played by the localized states at the MgO/Si interface for the spin-current generation.
Introduction
During the last few years, silicon-based semiconductor spintronics [1] has gained a growing interest owing to the potential to overcome Moore's law and its potential integration into the mainstream of Si technology. Not only Si is one of the most common elements in the earth, but also it is a perfect candidate for spin transport due to the possibility to maintain its spin memory over micrometric distances [1] . This is due to several features: i) the inversion symmetry of its crystalline structure minimizing D'yakonovPerel (DP) interactions and related spin-relaxation [2] ; ii) its small atomic number minimizing the spinorbit coupling [3] and subsequent spin-depolarization; iii) as well as the very high weight (95%) of 28 Si isotope with zero nuclear spin and the reduced hyperfine interactions [4] . The development of silicon spintronics is guided by the ability to generate and manipulate the spin information before its electrical conversion, whose operations constitute the building block for most of the envisioned spin-based semiconductor devices. During the last decade, several proof-of-concepts have been achieved including spin-current injection and conversion in Si using ferromagnet/tunnel barrier [5, 6, 7] , thermal gradient [8] , spin pumping [ 9 ] or spin-to-charge conversion by inverse spin Hall effect (ISHE) [ 10 ] . Until now, investigations of pure spin-current (associated to zero charge current) were mainly focused on the local and non-local spin-valve effects in lateral devices, as demonstrated in a couple of recent papers [6, 11, 12] .
The main reason is the difficulty to grow high quality semiconductor (SC) on ferromagnetic transition metals (FM). The chemical wetting problem, the nature of bonds and their strong lattice mismatch between SC and FM have prohibited the design of vertical metal-semiconductor-metal structures.
However, the lateral devices show many drawbacks, such as complicated lithography fabrication processes and geometry dependent spin transport. The spin current has to be firstly injected perpendicularly from the injector part, before propagating laterally inside the channel, and this may introduce some spurious effects on the results. For instance, interfacial spin relaxation [13] in the lateral channel may alter the bulk semiconductor properties leading to an underestimation of the spin diffusion length (SDL). Although electron spin injection and conversion were already demonstrated with hot electron transport in vertical structures [14, 15, 16, 17] , the demonstration of a large diffusive pure spin-current is still lacking.
So far, spin pumping (SP) is proven to be an efficient method [18, 19] to create a pure spin-current for spin-injection from FM to SC. SP is generated by radio frequency (RF) excitation of a ferromagnet in magnetic resonance (FMR). Combined with a heavy metal (like Pt, W or Pd) for the spin-to-charge conversion by ISHE, the spin-current can be electrically probed in metals [19, 20, 21, 22] , semiconductors [9, 23] , organic materials [24] , or more recently in topological insulators [25, 26] . By employing SP and ISHE, a clear spin transport in p-Si [9] and Ge [23] has been reported in the lateral devices. In the present work, by combining SP-injection and ISHE (SP-ISHE) measurements, we demonstrate the establishment of a pure spin-current over micrometric distance in n-Si at room temperature in CoFeB/MgO/Si/Pt hybrid vertical structures fabricated by wafer-bonding technique. By varying the Si thickness, we were able to estimate the spin-diffusion length in n-Si. Moreover, our results clearly evidence that the MgO/Si interface localized states and the indirect exchange proximity play a major role in the spin-pumping process as a prerequisite for spin-current generation and propagation through the Si interlayer. Although CoFeB and MgO layers appear to be amorphous, the two Si layers are perfectly monocrystalline, as indicated by the FFT diffraction patterns (see insets of Figure 1b) . Moreover, the two Si layers can be controlled to have exactly the same crystalline orientations. However, one cannot exclude the presence of localized defects such as oxygen vacancies in the MgO barrier [27] .
Results and discussions
Demonstration of spin-current injection by spin pumping SP-ISHE experiments were carried out to demonstrate the spin-injection efficiency. FMR is firstly performed on the layer stack containing a 5.2nm thick CoFeB layer. The inset of Figure 2a where , , Meff, and tCoFeB are, respectively, Landé factor, Bohr magneton, effective magnetization and CoFeB layer thickness.
In order to evaluate the spin transport through Si, the ISHE voltage on the top Pt layer is acquired.
Figure 2a displays a typical spectrum of the electromotive force (EMF) acquired at the same resonance frequency (8GHz) for the layer stack containing a 3μm thick Si layer. The EMF spectrum is composed of two parts [18, 20] , a symmetric Lorentzian shaped signal plus an asymmetric signal, which can be decomposed into ( ) = offset + sym [9] , the EMF signal in the vertical device is characterized by a rather large antisymmetric contribution. The different ratio between the symmetric and antisymmetric components could be related to the different relative phase between RF electric and magnetic field, which strongly depends on the material losses as well as the coplanar wave guide (CPW) characteristics [28, 29] .
In order to exclude a possible role played by lateral thermal gradients [19, 30] , the EMF signal as a function of RF-field power is acquired on one sample with a 37nm thick Si interlayer, as shown in Figure   2b . Obviously, the intensity of the EMF signal increases with increasing RF-power, PRF. After extraction of the Vsym and the Vasym components, we obtain a very good linear relationship between (Vsym, Vasym)
and PRF (see inset of Figure 2b ) thus excluding a possible contribution from the thermal effects. Other spurious galvanometric effects, such as the interplay between the stray RF currents and the oscillating magnet, related to either the anisotropic magnetoresistance (AMR) or to the planar or anomalous Hall effect (PHE or AHE), may come into play at this stage [19, 30] . Each process is characterized by its own angular dependent signature. Due to the specific geometry of our coplanar wave guide (CPW), the RF excitation field hRF is maintained parallel to the sample stripe, with an angle ( 0 ) between the stripe direction and the in-plane DC field varying from 0 to 360° (see inset of Figure 2c ). As mentioned in
Ref. [19] , the symmetric voltage contribution to the ISHE has the following angular dependence: = V, while the Arect coefficient due to the AMR contribution is found to be much smaller around 9.6×10 -9 V. Those values show that the spin-current generated by spin pumping can be electrically detected. Finally, the spin-current density 0 detected in Pt is estimated to be 0 =9.5610 In addition, a control sample capped with a thin Cu layer (characterized by a spin Hall angle 30 times lower than Pt from Ref. [31] ) instead of Pt, leads to a much smaller signal in the EMF symmetric component (see Supplementary Note 4), which also excludes any thermal effect to be responsible for the electrical signal. This further proves that the symmetric component of the EMF signal observed in the CoFeB/MgO/Si/Pt structure is not related to the ISHE from the Si interlayer but it is indeed strongly correlated to the ISHE from the top Pt layer.
Si and MgO thickness dependence of damping and EMF signal
In the following, systematic SP-ISHE experiments were performed to explore the spin-current injection in hybrid CoFeB/MgO/Si/Pt vertical structures. Both Si and MgO thicknesses were varied.
A) Variation of the Si interlayer thickness with a fixed 2.2 nm thick MgO barrier
We first consider a sample series in which the Si-thickness (tSi) is varied (37nm, 124nm, 3µm and 10µm) while the same growth conditions are used for MgO (2.2nm), CoFeB (5.2nm) and Pt (6nm). thick Si sample, the EMF signal is in the range of the noise thus proving that the origin of the signal comes from the spin-current after its propagation through the Si layer.
B) Variation of the MgO thickness with a fixed 3µm thick Si interlayer
A second series of samples was investigated in which the MgO thickness is varied between 1 and 3 nm while keeping the Si layer thickness fixed at 3µm. Figure 4b displays the variation of the damping with different MgO thicknesses (tMgO=1, 2.2 and 3nm, respectively). The damping stays almost constant from 4.8 to 5.110 -3 . However, surprisingly, the symmetric component of the acquired EMF voltage (Vsym) is pretty small at tMgO=1nm and increases dramatically for thicker MgO samples (tMgO=2.2nm and tMgO=3nm), as shown in Figure 4a and 4b. This result is quite unusual since the spin-current is expected to decrease exponentially with the thickness of the tunnel barrier [32] .
Model of MgO thickness dependence of the charge accumulation at the MgO/Si interface
Concerning this second set of experiments consisting of a fixed and a varying , the increase of the EMF signal could be related to a reduction of the Schottky barrier height (SBH) with increasing . To clarify this issue, one needs to consider the charge transfer in a metal-insulator-semiconductor [33 ] ), Φ 0 = 0.25 V (see Ref. [ 34 ] ) and = 1 × 10 16 cm −3 . Note that in Ref. [35 ] , the density of interface traps obtained by equivalent sputtered method was found to be close to 810 One observes that Δ decreases with , thus leading to a decrease of the SBH with the MgO thickness. In addition, the higher density NS yields a smaller variation in Δ with . This can be understood due to the pinning effect by LS at interface.
Our simulation shows a significant drop of SBH vs. by some tens of meV from its nominal value between 65-250meV [34, 36] . In fact, the increase of leads to a decrease of the CoFeB/MgO/Si capacitance. This results in a reduction of the charge transfer between the two sides of the barrier and a decrease of the effective SBH. As a consequence, a larger spin-mixing conductance toward Pt ( ↑↓ ) via tunneling/hopping through the Schottky barrier and the depletion layer by thermal activation leads to an increase of the EMF signal. In addition, the small difference in damping between the 3m and 10µm [22] , Fe/Pt [37] or CoFeB/Pt [38] /m 2 ) extracted from the same spin-pumping techniques [39] and it appears larger than the one expected with a tunnel barrier [37] . On the other hand, a reference sample with the layer stack n- To explain the enhancement of the spin-current with the Si interlayer, we discuss below four possible mechanisms: (i) a spin-pumping within the ferromagnet with its own spin-motive force, followed by a tunneling of the spin-current through the MgO barrier; (ii) a spin-pumping within the ferromagnet, followed by the propagation of the spin-current via hopping processes through the localized states embedded in the barrier; (iii) a spin-pumping into the conduction band of Si (Bloch states) by indirect proximity exchange coupling with the ferromagnet; (iv) a spin-pumping into localized states (e.g. at the interface between the Si semiconductor and the oxide barrier) by proximity exchange coupling with the ferromagnet. For the first scenario (i), the spin-pump efficiency scales with the spin-mixing conductance (electronic transmission). As evidenced in the Fe/MgO/Pt system [37] , the insertion of MgO barrier results in an exponential decrease of the spin-mixing conductance, which cannot explain our results obtained by varying MgO thickness. The second scenario (ii) has recently been invoked to explain spin-pumping and spin-transfer torque FMR (STT-FMR) experiments in LaAlO3/SrTiO3 oxide systems [27, 40] . As discussed by Wang et al. [27] , it may consist in the propagation of the spin via oxygen vacancies in MgO and thermal hopping excitations [ 41 , 42 ] . Nevertheless, one would also observe a significant spin-to-charge conversion in our CoFeB/MgO/Pt sample, which is obviously not the case.
This thus confirms the major role played by the semiconductor itself. The third scenario (iii) of spinpumping into the conduction band of Si (Bloch states) by indirect proximity coupling with the ferromagnet is in the same spirit as the occurrence of an oscillating exchange in Fe/MgO/Fe junctions [43] .
However, it is not expected to be efficient in the present situation because of the reduced localization of the Bloch wavefunctions in the MgO barrier and in the Si depletion zone close to the interface. Indeed, the proximity exchange coupling field in a MgO-based magnetic tunnel junction is in the order of 10 mT for a 1-2 nm thick MgO barrier, which can create an exchange energy in the range of 1 µeV [44, 45] .
This appears to be too small to promote spin-pumping effect with a relatively thick MgO barrier (2-3nm) in our case. A larger weight of the density of the evanescent wavefunction inside the barrier would lead to a significant increase of the necessary coupling. The fourth scenario (iv) then considers the feasibility of such wavefunction density enhancement at the direct vicinity of barrier/SC interface. As schematically shown in Figure 5b , on the condition of a proximity exchange coupling larger than a threshold value of the order of ℏω, a large spin-accumulation by SP may occur at the MgO/Si interface, established via the exchange proximity effects [46, 47] or more probably through a chain of LS in the MgO barrier and the Si depletion layer [47] . The possibility of an enhancement of the indirect exchange via a resonant coupling between localized states and a FM contact has been already addressed for the issues of magnetic exchange [ 48 ,, 49 ] and spin-pumping effect between a FM insulator and a non-magnetic metal [50, 51] . The scenario (iv) is also supported by the recent observations of the existence of an interlayer exchange coupling in relatively thick FM/MgO/FM junctions (1-3nm) revealed by a minimum value around 2nm [52] . This conclusion is reinforced by our results in the MgO thickness series samples showing up an increase of the ISHE signal with larger MgO barriers.
Mechanism of spin pumping in localized states
Our description for the spin pumping in LS (see also detailed model in Supplementary Note 5) is equivalent to the theoretical approaches derived recently by using Green's function techniques [46, 53] . The spin-accumulation is driven by a spatially uniform dynamic exchange field. Using a perturbation treatment in a local rotating frame, the pumped spin-current is shown to exist down to coupling strength in the range of the RF-photon ℏω energy [46] . Here, the proof is based on the change of the spin-polarized carriers' Fermi energy on LS (∆ ) induced by the magnetization precession calculated to the third order by the perturbation technique, which can be expressed as:
where is the magnetization precession angle which is derived from the ratio between RF excitation field ℎ and the DC magnetic field . The energy gain/loss is different and of the opposite sign between the two  and  spin states, leading to an out-of-equilibrium spin-accumulation in LS we are searching for. The spin-splitting or spin-accumulation can be obtained as
ℏω in the LS band. In the limit of a large spin-lifetime, the pumped spin-accumulation is independent of the exchange strength once is larger than ℏω [46] . This leads to the standard expression of the spin-accumulation pumped in a metal [54] . [55] . One can estimate the maximum MgO barrier thickness meeting the requirement of a minimum exchange coupling (40 ) Ref. [56] corresponding to CoFe/MgO/Si magnetic tunnel contact, one can find an increase of 4. The proposal of an enhanced spin-susceptibility and subsequent spin-transmission in the FMR regime has been recently theoretically addressed by Harmon et al. [57] . One has to emphasize that the process of spin-injection by FMR spin-pumping differs from a standard two-point electrical spin-injection method in two major points. i) The spin-pumping can generate a spin-accumulation but not a spin-polarized current like by the electrical spin-injection method. Although it is sensitive to the spin-backflow process, the SP is less impacted by the so-called impedance mismatch problem [58, 59] which limits the spin accumulation to the level of the spin-flip resistance of the FM. Unlike the electrical spin-injection method, the spin-accumulation generated by spin-pumping is only limited by the spin-mixing conductance (surface conductance). ii) Moreover, the spin-injection by SP may be favored via the presence of LS thanks to the pump action discussed above.
On the contrary, those localized states may play the role of passive reservoir for spin-flip when they are involved in the electronic transport between a source and a drain [60] , limiting thus the spin signal. The model of SP in LS presented here [scenario (iv)] can also be extended to explain the spin pumping in oxide LaAlO3/SrTiO3 two-dimensional electron gas [27, 40] and FM/topological insulator interface with strong spin-orbit coupling effect [26] . Indeed, it can be shown that the same model with inclusion of spin- 13 orbit terms may introduce a lateral charge current or galvanometric effects as observed in recent experiments [27, 40, 61] .
Estimation of the spin diffusion length in Si
We now focus on the spin-current diffusion and relaxation process by considering three different i) The first method would consist in a fit of the variation of the damping parameter as well as the spin-mixing conductance ↑↓ ( ) term vs. (Figure 3a ) through its dependence on the SDL in Si.
However, the exact shape of ↑↓ ( ) depends on the profile of the Schottky barrier height and its transmission vs. which make the procedure not straightforward. Moreover, possible processes of spin pumping in chain in Si like that described in Ref. [53] make the searched dependence quite uncertain.
ii) The second method to extract SDL consists in the analysis of the dependence of the ISHE By using the second method (see details in Supplementary Note 7), we have finally extracted the SDL to be 2.00.3m at room temperature, i.e. about two times larger than the values reported for the heavily n-doped Si (210 19 cm -3 ) measured in a non-local configuration in the lateral devices (1m at RT) [11, 12] . The larger SDL obtained in the vertical device could be due to two reasons: i) a reduced impurity scattering related to the lower doping concentration (110 16 cm -3 ) in our vertical device [62] ; ii) the lack of surface or interface scattering in the vertical spin-current propagation channel compared to the lateral device structure [13] . The spin relaxation time may be estimated via the standard relationship = √ , where D is the spin diffusion constant. With D=6.5cm 2 /s [9] , one obtains =6.2ns, a value much larger than the one obtained with a 3-terminal Hanle measurement in heavy n-doped Si (210   19   cm   - 3 , 142ps at RT) [63] and three times larger than that obtained from the non-local measurements (2ns at RT) [11, 12] . Nevertheless, this value is in pretty good agreement with the theoretic calculation [64] using a realistic pseudopotential model (8ns at RT) by taking into account the Elliott-Yafet spin-relaxation mechanism [65] .
In conclusion, the relatively large spin-mixing conductance measured in our CoFeB/MgO/Si/Pt vertical device cannot be explained neither by a tunneling spin-current through the MgO barrier from the spin-accumulation in the FM contact by SP or by a spin-pumping in the Si conduction band states.
The relevant scenario is the spin pumping in a very high density of LS at the MgO/Si interface via indirect exchange through the MgO barrier with the FM part. In that case, a small indirect exchange strength of the order of 40eV is sufficient to spin-pump a large amount of spin in the LS band, which then consequently generates a spin-current propagating into Si. Without the LS band, the spin-current generated by FM decays evanescently though the MgO barrier, as already evidenced in the Fe/MgO/Pt system [37] . In other words, an evanescent exchange coupling is much more efficient to generate the spincurrent and spin-accumulation than an evanescent spin-current generated directly from the FM side.
Conclusion
In summary, by combining spin pumping and inverse spin Hall effect measurements, we have successfully demonstrated the efficient spin-current injection and transport at room temperature in CoFeB/MgO/Si/Pt vertical devices fabricated by ultra-high vacuum wafer-bonding technique. The spindiffusion length in n-Si is determined to be 2.00.3µm at room temperature by studying a series of samples in which the Si interlayer thickness is varied. More importantly, our results evidence that the localized quantum electronic states at the MgO/Si interface play a major role to establish the necessary out-of-equilibrium spin-population which allows for efficient spin-current injection into Si by the spinpumping process. The successful fabrication of metal-semiconductor-metal vertical structures represents an important breakthrough for semiconductor spintronics allowing investigations of the spincurrent transport properties within a broad semiconductor thickness ranging from very thin (<40nm) to very thick (>300µm) layers.
Methods

Sample preparation:
In order to obtain CoFeB/MgO/Si/Pt vertical multi-layer structures, we employ the technique of ultra-high vacuum wafer-bonding. This technique has been already successfully used to study magnetic tunnel transistor [66] and hot electron spin-injection and transport in Si [16, 17] . Firstly, MgO/Co40Fe40B20 bilayer was sputtered on one n-Si wafer and one SOI wafer together in the sputtering system. The two wafers were then bonded together in the vacuum (110 -8 mbar) immediately after deposition. Chemical etching procedures were then used to remove the SOI Si handle layer and the SiO2 box layer. Finally, a 6nm thick Pt layer was deposited on the top of the Si device layer. The final size of the structure is In all fabrication process, no UV or e-beam lithography was used to pattern the injector, channel and detector. The final structure of the layer stack is n-Si//MgO(tMgO)/CoFeB(5.2)/MgO(tMgO)/n-Si(tSi)/Pt (6) (with thickness in nanometer), as schematically shown in Figure 1a .
FMR and ISHE measurements:
FMR and EMF voltage measurements were performed at room temperature with samples set on CPW with Pt layer faced down. For FMR measurements, samples with a large size (105mm 2 ) were used. To eliminate the impact of the anisotropy of the magnetic layer, the measurement is averaged upon four sets by rotating the sample every 45°. The FMR measurement is performed in transmission mode via the field modulation and lock-in detection method. In general, the frequency range is kept between 4 and 18 GHz and the RF power is 20 dBm. For the spin pumping and EMF voltage measurement, the sample is cut into stripes of 10x1mm 2 . To measure the EMF voltage, Au/Ti contacts were deposited by using a mask on the top Pt layer at the two ends of the sample stripe. As schematically shown in the inset of Figure 2c , the RF field generated by CPW is fixed to be parallel to the sample stripe. To measure the angular dependence of the ISHE, the ensemble stripe sample and CPW rotate together related to the external DC magnetic field direction and the angle ( 0 ) between the sample stripe direction and the DC magnetic field can vary from 0° to 360°. The EMF voltage measurement is performed with the frequency modulation and lock-in detection method. Schematics of spin pumping via MgO/Si interface localized states.
TOC figure:
Schematic of spin-current injection in the metal-Si-metal vertical structure by spin pumping. We evidence pure spin-current generated by spin pumping in the localized states at the MgO/Si interface.
